Sparid fishes consist of approximately 115 species in 33 genera that are broadly distributed in tropical and temperate coastal waters. Although several phylogenetic analyses were conducted based on specific molecular markers, their classification remains unresolved. Here, we present the most comprehensive molecular phylogeny of the family Sparidae to date, based on cytochrome b (cyt-b) genes. We determined 18 sequences of sparids and conducted phylogenetic analyses among 72 individuals representing 66 sparids with 23 outgroup species. Phylogenetic trees were constructed according to partitioned Maximum Likelihood (ML) and Bayesian methods. The phylogenetic analyses were conducted on two different data sets (including all positions; RY-coding). The phylogenetic trees showed monophyly of the family Sparidae with a different taxon, centracanthid Spicara. The subfamilies in the Sparidae in all trees are non-monophyletic and do not agree with current classification of the subfamilies. The genera Acanthopagrus, Cheimerius, Dentex, Diplodus, Pagellus, Pagrus, and Spicara are also non-monophyletic and their classifications should be revised based on the phylogenetic relationships and reinvestigation of morphological characters. The sparids are divided into three major clades, A, B and C, respectively in the ML tree based on all codon positions, whereas clade C was paraphyletic in the other trees. The species in clade C are known to be present in the eastern Pacific to western Atlantic, whereas those in clades A and B are distributed in various oceanic regions. Some sub-clades in clades A and B consist of species that are distributed in defined local regions. We further investigated evolutionary patterns of 87 morphological characters by ancestral character-state reconstruction according to the parsimony criteria. The results suggested high evolutionary plasticity of the characters in sparids, indicating that it causes species-diversity and taxonomic confusion at various taxonomic levels, and that such convergent evolution may occur more frequently also in other coastal fishes.
INTRODUCTION
In most taxa of coastal fishes that are distributed worldwide, it is difficult to infer accurate phylogenetic relationships and to classify the fish appropriately because similar morphological characters among species are derived from convergent evolution, and speciation patterns are quite complicated (Duftner et al., 2007; Westneat et al., 2005) . One such coastal fish family, the Sparidae (Perciformes), which consists of approximately 115 species belonging to 33 genera, is the most diverse of the sparoid families (Nelson, 2006) . The species in the Sparidae inhabit tropical and temperate coastal waters and Edited by Toshihiko Shiroishi * Corresponding author. E-mail: hanzawa@sci.kj.yamagata-u.ac.jp occasionally occur in estuaries as nurseries (Carpenter, 2001) .
The Sparidae, Nemipteridae, and Lethrinidae were recognized their osteological close relationships and termed them as "spariform" fish (Akazaki, 1962) . Additionally it was found that the three families were also closely related osteologically to the family Centracanthidae and classified all of them into the new superfamily Sparoidea (Johnson, 1980) . The phylogenetic position of the centracanthids, however, is still uncertain with respect to sparid genera (Carpenter and Johnson, 2002; Day, 2002; Orrell et al., 2002; Orrell and Carpenter, 2004) . The four families form a monophyletic clade and can be placed in the superfamily Sparoidea by a cladistic analysis of 54 morphological characters (Carpenter and Johnson, 2002) . However, the Lethrinidae was a sister taxa to the Sparidae (Orrell et al., 2002) . Therefore the superfamily Sparoidea was not recognized as the formal superfamily in classification pending more study of other percoid families in hopes of presenting a comprehensive and monophyletic classification of the entire group (Nelson, 2006) .
Sparid species are classified based on morphological characters, such as dentition, spinous and soft fin ray counts, scalation and body color (e.g. Akazaki, 1962; Bauchot and Hureau, 1986; Smith and Smith, 1986) . In particular, dentition has been used by many researchers to distinguish genera (e.g. Cuvier, 1817 Cuvier, , 1829 Smith, 1938; Munro, 1948 Munro, , 1949 Akazaki, 1962) and to provide subfamily classification (Smith, 1938; Smith and Smith, 1986; Akazaki, 1962) . Smith and Smith (1986) erected four subfamilies, Sparinae, Denticinae, Pagellinae, and Boopsinae, using dentitional characters, which are considered to reflect trophic specialization. Akazaki (1962) further subdivided the Sparinae into two new subfamilies, Diplodinae and Pagrinae. Fiedler (1991) distinguished only three subfamilies, Sparinae (includes Smith and Smith's Pagellinae and Sparinae), Denticinae, and Boopsinae.
In previous molecular studies of the relationships among sparids and between the family Sparidae and other percoids deduced from isozymes and their expression patterns and sequence analysis, taxon sampling was limited mainly to sparids from the eastern Atlantic and/or Mediterranean or Japanese waters (Taniguchi et al., 1986; Basagila, 1991; Garrido-Ramos et al., 1995 Jean et al., 1995; Allegrucci et al., 1999; Hanel and Sturmbauer, 2000; Summerer et al., 2001; de la Herrán et al., 2001 ). Hanel and Sturmbauer (2000) analyzed mitochondrial 16S rDNA (16S) sequences of all 24 sparid species described from the northeastern Atlantic and Mediterranean, and used the centracanthid Spicara maena as the outgroup. Their analysis indicated that some sparid genera and the currently defined subfamilies are not monophyletic and that there are three major mitochondrial lineages, each comprising species with different feeding strategies and dentition. However, since they used only S. maena as the outgroup, their analysis showed incorrect phylogenetic relationships among sparids and of the sparids to related families. Orrell et al. (2002) and Orrell and Carpenter (2004) inferred the phylogeny of representatives of all 33 sparid genera and a number of percoid outgroups using the mitochondrial cytochrome b (cyt-b) gene and 16S rRNA gene sequences. They also found that the currently defined subfamilies are not monophyletic and showed Spicara to be a member of the sparid ingroup. Day (2002) analyzed a numerical phylogeny of the interrelationships among most extant genera in the sparid using morphological data. The morphological data support their hypothesis that the currently defined subfamilies are non-monophyletic and that Spicara is nested deeply within the ingroup, but a few analyzed sparid genera are known to be nonmonophyletic based on molecular studies to date.
Because mitochondrial cyt-b genes are relatively easy to amplify and sequence (Nishida et al., 1998) , they contain both slowly and rapidly evolving codon positions (e.g. Saitoh et al., 2006; Yamanoue et al., 2007) , and a significant amount of sequence data is available in GenBank and other DNA databases, these genes are very useful and convenient markers to clarify the evolutionary history of fishes at various phylogenetic levels (e.g. Sasaki et al., 2006; Kuriiwa et al., 2007; Pérez et al., 2007; Timm et al., 2008) . Most recent studies have focused on resolving phylogeny conflicts at a higher taxonomic level mostly by adding characters rather than taxa, and this has not improved our understanding of lower taxonomic level relationships. Mitogenomic data, for example, is known to be a powerful genetic marker to resolve uncertainties at various phylogenetic levels. However, mitogenomic data is available only for five sparid species despite the fact that sparid classification needs a comprehensive phylogenetic study that focuses on various phylogenetic levels. These data well provide better tools for detailed evolutionary studies, and are necessary to test existing morphological phylogenetic hypotheses, and current sparid classification. Furthermore, adding more taxa, together with adding characters to molecular phylogenetic data, can be an efficient way to overcome phylogenetic uncertainty (Graybeal, 1998; Hillis, 1996 Hillis, , 1998 Hillis et al., 2003; Pollock et al., 2002; Zwickl and Hillis, 2002 ; but see Miller and Hormiga, 2004; Kumar, 2001, 2003; Rokas and Caroll, 2005) . However, it is obvious that combining multiple genes is beneficial to any phylogenetic problem.
Here, we determined 18 cyt-b gene sequences for 15 species of the 68 sparid taxa and estimated their phylogeny with 23 outgroups. This data set covers approximately 60% of sparid species. The protein coding cyt-b gene that was employed is a useful marker for phylogenetic analysis among many species. The codon parti-tioned Maximum likelihood (ML) and Bayesian methods were used to analyze the phylogeny of sparids and other related percoids. In addition, evolutionary patterns of 87 morphological characters were traced onto the Bayesian tree using an ancestral states reconstruction method.
MATERIALS AND METHODS

Taxonomic sampling
We determined cyt-b gene sequences for 18 individuals of 15 sparid species including one putative distinct Acanthopagrus species. A list of the 72 sparids and 23 outgroups examined in this study is provided in Table 1 , along with the DDBJ/EMBL/GenBank accession numbers and references. The new additional species identification and nomenclature followed Hayashi (2002) , Iwatsuki and Carpenter (2006) , Iwatsuki et al. (2007) , Munro (1949) , Kume and Yoshino (2008) . The two South African Rhabdosargus sarba were identified by regional taxonomic experts. The present study includes the putative distinct Acanthopagrus species (Acanthopagrus sp.), which is morphologically similar to A. butcheri. To examine monophyly and the interrelationships of sparids, species belonging to all 33 recognized genera in the Sparidae were used for phylogenetic analyses. Additionally, to obtained a rooted phylogenetic tree, we used species belonging to other families of the Sparoidea, Centracanthidae, Lethrinidae and Nemipteridae and the related outgroups, Moronidae, Caesionidae, Lutjanidae, Chaetodontidae, Pomacanthidae, Haemulidae and Lateolabracidae in the Parciformes, and the non-Perciformes Satyrichthys amiscus. Previous molecular studies used relatively few outgroups. For a more robust phylogeny of sparids, we sampled 23 outgroup taxa.
DNA extraction A small piece of skeletal muscle was excised from fresh or frozen specimens and immediately preserved in 99.5% ethanol. Total DNA was purified from the tissues according to phenol/chloroform method. Using the total DNA and the primer pair AJG15 (Akihito, 2000) and H15913 (Minegishi et al., 2005) , approximately 1.2 kbp of mtDNA fragments including the cyt-b gene were amplified under the following PCR conditions. The 30 amplification cycles were performed at 94°C for 45 sec, 54°C for 30 sec, and 72°C for 1 min. Complete cyt-b gene sequences (1,141 bp) were determined by using an automated DNA sequencer (3100, Applied Biosystems) using the following primers. AJG15, H15913, L15411 (Miya and Nishida, 1999) , H15149 (Inoue et al., 2000) , H15560 (Miya and Nishida, 1999) , SPL377 (5'-cag ctt tcg tag ggt atg tc-3'), SPL570 (5'-cgc cat aac tat act aca cc-3'), SPH451 (5'-aca gaa ggt tgg taa tga ca-3') and SPH506 (5'-gaa aat ccg cct caa att ca-3'). Ambiguous sequences were reconfirmed from clones of their cyt-b gene fragments isolated by TA-cloning methods.
Analysis of sequence variation
The sequences were multiply aligned by using Clustal X (Thompson et al., 1997) . We dealt with the cyt-b gene sequences, as follows, to construct two different data sets: (1) all positions included (designated as 123n; subscript "n" denotes nucleotides); and (2) third codon positions converted into purine (R) and pyrimidine (Y) (RY-coding; designated as 12n3r; subscript "r" denotes RY-coding; Phillips and Penny, 2003; Harrison et al., 2004) . For the RY-coding, we used arbitrarily "A" and "C" instead of "R" and "Y" for third codon positions in 12n3r to account only transversions avoiding estimation of transitional changes. Because RAxML is not allowed that base frequencies are zero at each partition, we used "G" and "T" instead of "A" and "C" for a few invariable sites of third codon positions.
Pairwise comparison and statistical information from the cyt-b gene sequences were obtained using PAUP 4.0b10 (Swofford, 2002) . To examine patterns of sequence variations for the 1st, 2nd and 3rd codon positions separately, we plotted pairwise nucleotide differences (sorted into transitional [TS] and transversional [TV] difference) to evolutionary distances as a substitute for absolute geological time. The maximum-likelihood (ML) distances with the GTR + I + Γ model derived from each of the codon positions were used as evolutionary distances.
Phylogenetic analyses
The data sets were analyzed using codon positions partitioned in both the ML and Bayesian methods. The six substitution types-ML model ("nst = 6") was selected as the best-fit model for basesubstitutions by Modeltest 3.7 (Posada and Crandall, 1998) , for each codon partition of 123n data set on the basis of Akaike Information Criteria (AIC; Akaike, 1973) .
ML analysis was performed using RAxML v7.0.4 (Stamatakis et al., 2008) with the following settings. The maximum likelihood model employed GTR + I + Γ, with base frequencies estimated from the data. As substitution frequencies differed among the first, second and third codon positions in the cyt-b gene (see Fig. 1 ), each codon position was treated separately for 123n data set. The program is not allowed a single rate category. Then, we also applied GTR + I + Γ model for each codon position of 12n3r data set. The significance of each branch of the trees was evaluated by bootstrapping (Felsenstein, 1985) with 1,000 replications.
Bayesian analysis was performed using MrBayes v3.12 (Ronquist and Huelsenbeck, 2003) with the following settings. We set two different partition (123n and 12n3r) depending on the data sets. Each codon position was treated separately (charset 1st_pos = 1-.¥3; charset 2nd_pos = 2-.¥3; charset 3rd_pos = 3-.¥3; partition by_codon = 3:1st_pos,2nd_pos,3rd_pos; set partition = by_codon;). Rate variation across sites was modeled using a γ-distribution (rates = "invgamma"). All of the Miya et al. (2003) model parameters were taken as unlinked and the rate multipliers variable across partitions, unlinking substitution rates of the GTR model, the proportion of invariable sites, the gamma shape parameters and base frequencies across all partitions ("unlink revmat = (all) pinvar = (all) shape = (all) statefreq = (all)") and rate multipliers variable across partitions ("prset ratepr = variable"). We used the default setting for the priors on the proportion of invariable sites (0-1) and the gamma shape parameter (0.1-50.0). A Dirichlet distribution was assumed for the rate matrix and base frequency. For third codon positions in 12n3r data set, we set a single rate category (lset nst = 1) instead of 6 (lset nst = 6) to allow the program to estimate only transversional changes between purine (R) and pyrimidine (Y) nucleotides. The Markov chain Monte Carlo search was run with four chains for 6,000,000 generations, sampling the Markov chain every 1000 generations, and the sample points of the first 2,000 generations were discarded as "burn-in", after which the chain reached a stationarity state for each of the two data sets. 
Divergence time estimation
The mcmctree program in the phylogenetic package PAML v4 (Yang, 2007) was used by assuming a topological relationship thus obtained, but without assuming the molecular clock. For the divergence time analysis based on multiple constraints, we newly constructed a topology, because we have not yet been able to identify the sparid fossils correctly due to taxonomic confusion (see discussion) and the program does not allow multiple branching. The topology was arranged based on ML tree (Fig. 2) for phylogenetic relationships in sparid clades A and B, Bayesian tree ( Fig. 3) for phylogenetic relationships in sparid genera, Archosargus, Lagodon, Calamus and Stenotomus, and Sparoidea families, and recent phylogenetic studies (Yamanoue et al., 2006; Mabuchi et al., 2007; Azuma et al., 2008) for non-Sparoidea and overall. Upper and/or lower time constraints at selected nodes were set for the Bayesian MCMC processes to estimate divergence time.
The mcmctree was run using the HKY85 substitution model that is the most parameter-rich model available in this program. A total of 75,000 generations were sampled at every 2 steps after discarding 50,000 initial steps as burn-in. We used seven time constraints based on both fossil evidence and biogeographical assumptions for the divergences of continental cichlid groups (Azuma et al., 2008) (Table 2) . Day (2002) , in his study of the phylogenetic relationships of the Sparidae, evaluated 87 morphological characters of the majority of sparid genera and representatives of the sparoid families. Patterns of evolution of his 87 morphological characters were investigated by the ancestral character-state reconstruction using the parsimony criterion in Mesquite ver 2.01 (Maddison and Maddison, 2007) . Day (2002) omitted six genera, (Cymatoceps, Gymnocrotaphus, Peterus, Pterogymnus, Taius, and Sparidentex) due to the unavailability of specimens, and considered that Taius and Sparidentex are subgenera of Dentex. Therefore, we applied characters of Sparidentex to those of Dentex and omitted Cymatoceps, Gymnocrotaphus, Peterus and Pterogymnus from the analysis. The characters were traced onto the Bayesian tree.
Ancestral character-state reconstruction
RESULTS
Patterns of sequence variations DNA fragments containing 1,141 bp of the complete cyt-b gene were successfully determined for 18 individuals from 15 sparid species (Table 1) . The cyt-b, protein-cording gene sequences with 77 gene sequences searched from DNA databases were aligned without any gaps. However, we only aligned 1,140 bp of sequences for the following analyses, because some of the sequences from DNA databases lacked the last nucleotide of the complete cyt-b gene. Both pairwise transitional (TS) and transversional (TV) differences for each codon position are shown in Fig.  1 . The differences increased linearly with the evolutionary distance, except the TS at the 3rd codon position in which marked saturation was observed in earlier stages of evolution (< 1 evolutionary distances) with no increases being observed thereafter.
Phylogenetic inference by Maximum
Likelihood analysis ML analysis of the 123n data set was carried out according to the following statistics: nucleotide substitution rate matrix (a-c: 0.678, a-g: 5.064, a-t: 1.379, c-g: 0.467, and c-t: 10.096), (a-c: 0.469, a-g: 3.246, rate a-t: 0.743, c-g: 3.652, and c-t: 4.440) and (a-c: 0.164, a-g: 9.966, a-t: 0.278, c-g: 0.676, and c-t: 3.170); assumed proportion of invariable sites 0.475, 0.540, and 0.005; and the shape of the estimated gamma parameter (α) = 0.568, 0.580, and 2.573 for 1st, 2nd and 3rd codon positions, respectively. The analysis was conducted under the GTR + I + Γ model and produced a maximum likelihood tree with log likelihood = -29,599.825 (Fig. 2) .
The Sparidae, Centracanthidae, Nemipteridae and Lethrinidae belonging to the Sparoidea were placed in a monophyletic clade in the ML tree derived from 123n data set. However, its bootstrap support (BS) was considered low (< 50). The family Moronidae was placed in a sistergroup of the Sparoidea. The analysis showed monophyly of Sparidae plus Centracanthidae with strong statistical support (BS = 100). The sparid species were divided into three major clades, A, B, and C, and some sub-clades. The three major clades were supported by 95, 86 and 75 BS, respectively. Table 2 . Maximum (U) and minimum (L) time constrains (MYA) used for dating at nodes in Fig. 4 Node Constraint Reference information 1 U221 Estimated divergence time appear Percomorpha (Yamanoue et al., 2006) 2 L50 Pleuronectiform fossil from the Ypresian (Patterson, 1993) 3 L112, U145 Continental breakup between Africa + South Amrica and Madagascar + Indo/Sri Lanka (Azuma et al., 2008) 4 L100, U120 Continental breakup between Africa and South Amrica (Azuma et al., 2008) 5 L85, U95 Continental breakup between Madagascar and Indo/Sri Lanka (Azuma et al., 2008) 6 L50 Sparid and Centracanthid fossils from the Ypresian (Patterson, 1993) 7 L32 Estimated divergence time between Takifugu and Tetraodon (Benton and Donoghue, 2007) However, none of the six subfamilies in the Sparidae was monophyletic in the ML tree. Four species of the centracanthid genus Spicara were additionally analyzed in this study. The genus Spicara was paraphyletic and was placed in both major sparid major clades A and B. The genera Acanthopagrus, Cheimerius, Dentex, Diplodus, Pagellus and Pagrus were not monophyletic.
Sparidentex hasta was a sister species to Acanthopagrus latus and belonged to the Acanthopagrus clade (B-6) with strong support (BS = 100). Acanthopagrus schlegelii, A. sivicolus and A. taiwanensis were closely related and their cyt-b gene sequences were almost identical. Acanthopagrus sp. was a sister species of A. butcheri and had genetically diverged from other Acanthopagrus species. This study also included four individuals of Rhabdosargus sarba collected from South Africa, Australia and Japan. The Australian R. sarba was closely related to the Japanese and South African strains, which were placed at a sister position of the two. Oblada melanura was placed in the Diplodus clade (B-4).
Another ML analysis of the 12n3r data set was carried out according to the following statistics: nucleotide substitution rate matrix (a-c: 0.682, a-g: 5.084, a-t: 1.452, cg: 0.436, and c-t: 10.290), (a-c: 0.5430, a-g: 3.583, rate at: 0.800, c-g: 3.932, and c-t: 4.532) and (a-c: 0.540, a-g: 0.000, a-t: 0.000, c-g: 0.000, and c-t: 0.000); assumed proportion of invariable sites 0.473, 0.535, and 0.307; and the shape of the estimated gamma parameter (α) = 0.561, 0.607, and 1.898 for 1st, 2nd and 3rd codon positions, respectively. The analysis was conducted under the GTR + I + Γ model and produced a maximum likelihood tree with log likelihood = -13,124.290 (only BSs are shown in Fig. 3) .
Topology of the ML tree derived from the 12n3r data set fundamentally agreed with that derived from the 123n data set. However, the major topological differences are the position of the genera, Archosargus, Lagodon, Calamus and Stenotomus, were diverged from the other sparid species as basal lineages (Calamus (Stenotomus (Archosargus, Lagodon)(Clade A, Clade B))).
Phylogenetic inference by Bayesian analysis
As shown in Fig. 3 , a 50% majority rule consensus tree was obtained from the resultant 4,001 trees by Bayesian analysis of the cyt-b 123n data set. The Bayesian analysis gave the following statistics posteriorly: the nucleotide substitution rate matrix (a-c: 0.324, a-g: 4.169, a-t: 1.592, c-g: 0.211, and c-t: 6.803), (a-c: 0.658, a-g: 3.192, a-t: 0.808, c-g: 3.589, and c-t: 4.452 ) and (a-c: 0.169, a-g: 10.277, a-t: 0.308, c-g: 0.646, and c-t: 2.985); assumed proportion of invariable sites 0.405, 0.526, and 0.008; and the shape of the estimated gamma parameter (α) = 0.467, 0.671, and 2.690 for 1st, 2nd and 3rd codon positions, respectively.
Topology of the Bayesian tree fundamentally agreed with that of the ML tree derived from RY-coding. The major topological differences between the ML tree based on 123n data set and the Bayesian tree are the positions of the family Moronidae and the genera, Archosargus, Lagodon, Calamus and Stenotomus. In the Bayesian tree, Moronidae was placed into the Sparoidea with strong posterior probability (PP = 1.00). The genera, Archosargus, Lagodon, Calamus and Stenotomus, were diverged from the other sparid species as basal lineages (Calamus (Stenotomus (Archosargus, Lagodon)(Clade A, Clade B))).
Another Bayesian tree based on the 12n3r data set was similar to that of 123n data set (only PPs are shown in Fig. 3) . The Bayesian analysis gave the following statis- Timing of sparid divergences Divergence time estimation was conducted among 94 bony fishes, including 72 sparids (Fig. 4) . The estimated divergence time between Nemipteridae (Nemipterus marginatus) and Sparidae was 115.1-186.2 million years ago (MYA). It was estimated that the genera, Calamus, Stenotomus, and Archosargus + Lagodon, and other sparids diverged in order during 71.8-146.9 MYA. It was similarly estimated that clades 
Patterns of evolution of morphological characters
Patterns of evolution of morphological characters among genera were presumed based on Day's (2002) 87 morphological characters. The number of parsimony steps needed to explain the evolution of characters in the Bayesian tree is shown in Table 3 . Many parsimony steps were needed to explain the evolution of the braincase, oral jaws, pharyngeal jaws, and caudal fin characters.
Only four patterns of evolution of dentition character, caniniform, conical, molariform, and incisiform Fig. 5 . Evolution of dentition patterns reconstructed on the Bayesian tree. The patterns of caniniform, conical, molariform, and incisiform are shown in A, B, C and D, respectively. The red, blue, white, and green arrowheads indicate the estimated point that the character was lost, gained, equivocally changed, and crenulated, respectively. teeth, which have been used to distinguish genera and to provide a subfamily classification, were shown in Fig. 5 -A, B, C and D, respectively. The patterns of evolution of caniniform, conical, molariform, and incisiform teeth were explained parsimoniously by 7, 11, 12 and 9 steps, respectively.
DISCUSSION
Inter-family relationships The Bayesian trees derived from two different data sets (123n and 12n3r) showed monophyly of the superfamily Sparoidea with the family Moronidae, which consists of the genera Morone and Dicentrachus (Fig. 3) . The ML tree derived from the 123n data set also showed that Sparoidea is monophyletic and is positioned as a sister clade of the Moronidae (Fig.  2) . These results partially agree with the superfamily proposed by Johnson (1980) , whereas their statistical support was somewhat low (BS < 50). Both ML and Bayesian trees derived from the 123n data set showed that families Haemulidae, Lutjanidae, Caesionidae, Chaetodontidae and Pomacanthidae were positioned in a monophyletic clade (Figs. 2, 3) . Nelson (2006) provisionally put the Asian genus Lateolabrax in the family Moronidae, although the independent family Lateolabracidae, which includes the genus, is supported by Eschmeyer (2008) and Springer and Johnson (2004) . However, our analyses strongly indicate that the species of Lateolabrax are far from those of the Moronidae and the family Lateolabracidae is independent from the Moronidae.
All ML and Bayesian trees derived from the two data sets (123n and 12n3r) also showed that the family Sparidae is monophyletic with strong support and that the family Centracanthidae is contained within the Sparidae clade (Figs. 2, 3) . This evidence agrees with recent molecular analyses using fewer species based on the combined data of cyt-b and 16S rRNA (Orrell and Carpenter, 2004) . The family Centracanthidae includes two genera, Centracanthus and Spicara, with eight species (Nelson, 1994) . Because only four species of Spicara were analyzed in this study, the problem of the Centracanthidae has not been completely resolved. Additional phylogenetic analyses using all species in the Centracanthus and Spicara will clarify the validity of the family Centracanthidae.
Intra-family relationships and phylogeography in the Sparidae Sparid species were divided into three major clades in the ML tree derived from the 123n data set (Fig. 2) . The another ML tree derived from the 12n3r data set and the Bayesian trees derived from the two data sets (123n and 12n3r) also indicated similar intra-family relationships to the ML tree derived from the 123n data set. However, there is a major topological difference for clade C, which consists of the genera Calamus, Stenotomus, Archosargus, and Lagodon in the ML tree derived from the 123n data set (Fig. 2) . These genera diverge from the other sparid species as basal lineages in the ML tree derived from the 12n3r data set and the Bayesian trees (Fig. 3) . Orrell et al. (2002) and Orrell and Carpenter (2004) also pointed out that the phylogenetic positions of those genera are uncertain. The genera positions agreed completely among the Bayesian tree derived from the 123n data set and two methods tree (ML and Bayesian) derived from the data set excluded the TS at 3rd codons by RY-coding. The result suggests that the topological difference between the ML tree derived from the 123n data set and the other trees is mainly due to saturation of 3rd codon position in TS. We accordingly hypothesized that the Bayesian trees derived from the two data sets (123n and 12n3r) and the ML tree derived from 12n3r represented better estimation of phylogenies on the genera. From these reliable phylogenies, it is thought that common ancestors of the genera diverged from the other sparid species and migrated to the eastern Pacific and western Atlantic in early stages of their evolutionary history.
The estimated divergence time between the genera, Calamus, Stenotomus, Archosargus + Lagodon, and other sparids corresponded to Cretaceous (Fig. 4) . Akazaki (1970) , in his study on the biogeography of sparid fishes, speculated that the ancestors of sparids probably originated in a Mesozoic ocean of Tethys Sea from the Upper Cretaceous to Paleocene and migrated to the coastal region of the New world during the early Paleocene. This speculation generally coincides with our hypothesis.
Clades A and B consist of species that are distributed in various oceanic regions at present (Fig. 2) . Some subclades, however, consist of species that are distributed in defined local regions (Fig. 2) . Moreover, the estimated divergence time between clades A and B corresponded to Upper Cretaceous (Fig. 4) . Therefore, it is considered that divergence between the common ancestors of clade A and B occurred in the Tethys Sea. Subsequently, these ancestors have been moving around tropical and temperate coastal waters.
Disagreement between molecular phylogeny and current classification in the Sparidae There are no monophyletic subfamilies in either phylogenetic tree (Figs. 2, 3) . The results fundamentally agree with those of recent molecular analyses (Hanel and Sturmbauer, 2000; Orrell et al., 2002; Orrell and Carpenter, 2004) . Dentition is the most important character that has been used to classify subfamilies (Smith, 1938; Smith and Smith, 1986; Akazaki, 1962) . However, as mentioned below, our results showed that the evolutionary changes in dentition occurred independently in some lineages of the Bayesian tree (Fig. 5) .
Although nine sparid and one centracanthid genera including multiple species were analyzed in this study, only three of the genera were monophyletic (Figs. 2,  3 ). The currently recognized genera Dentex, Spicara, Pagrus, Cheimerius, and Pagellus were divided into phylogenetically diverged clades (Figs. 2, 3 ). The genus Acanthopagrus was placed into the monophyletic sub-clade, B-6, with S. hasta (Figs. 2, 3) . In fact, the body and fin color of S. hasta resemble those of Acanthopagrus species (Munro, 1948) . Moreover, recent molecular studies suggested that S. hasta is closely related to Acanthopagrus spp. (Orrell et al., 2002; Orrell and Carpenter, 2004) . Because 12 species are currently regarded as valid for Acanthopagrus (Kume and Yoshino, 2008) and it is still unclear how many species belong to Sparidentex (Iwatsuki and Carpenter, 2006; Kume and Yoshino, 2008) , additional phylogenetic analysis using all species in Acanthopagrus and Sparidentex will be necessary to clarify the validity of the classification. A genetically distinct species, Acanthopagrus sp. was found in Australia. Although the species was morphologically similar to A. butcheri, it was genetically divergent from all other Acanthopagrus species (Figs. 2, 3) .
The sub-clade B-3 in Figs. 2 and 3 consists of Sparus, Rhabdosargus and Sparodon. The generic name that should be applied to Sparus sarba Forsskål, 1775 is very confusing among fish taxonomists. Some researchers proposed that the genus Rhabdosargus Fowler, 1933 should be applied to the species (e.g. Smith and Smith, 1986; Dor, 1984; Bauchot and Skelton, 1986) . Although our phylogenetic trees agree with this proposal, some Japanese taxonomists have still insisted that the genus Sparus should be applied to the species (Akazaki, 1962 (Akazaki, , 1984 Hayashi, 2002) . Our results clearly show the genetic divergence between S. aurata and R. sarba.
Four specimens of R. sarba collected from South Africa, Japan and Australia were analyzed in this study. The results clearly show that the species are highly diverged genetically between the Indian and Pacific Oceans (Figs.  2, 3) . Moreover, our other study shows that genetic divergence occurs among populations in some western Pacific regions (Chiba et al., in preparation) . It is urgently necessary to revise the various taxonomic levels from species to family because there are many problems in the classification of the Sparidae as shown here.
Convergent evolution of morphology Previous studies showed that trophic types of sparids had multiple independent origins (Hanel and Sturmbauer, 2000; Day, 2002) , which is further supported by our results. Namely the evolutionary patterns of four dentition characters have multiple independent origins (Fig. 5) . Many parsimony steps were also needed to explain the evolution of the braincase, oral jaws, pharyngeal jaws, and caudal fin characters (Table 3 ). The number of parsimony steps indicates the number of times of a character evolved independently from the ancestors. The results suggested high evolutionary plasticity of many morphological characteristics in sparid evolution. Therefore, not only dentition characters but also many morphological characters have multiple independent origins. This information helps to explain the causes of species-diversity and taxonomic confusion at various taxonomic levels from species to family in the Sparidae rather than other Johnson's (1980) sparoid families.
As mentioned above, common ancestors of the major sparid clades, recognized in this study, might have differentiated in the Tethys Sea. According to the hypothesis, sparids have undergone adaptive radiation in order to take advantage of various trophic and environmental conditions by their high evolutionary plasticity. For example, the molariform teeth probably developed to eat hard preys, such as Crustacea and armored Mollusca (Akazaki, 1962) . The molariform teeth were possibly absent in the sparid common ancestor, gained at least five times independently, and were subsequently lost at least four times independently in the sparid lineages (Fig. 5C) . As a result, many sparid species evolved and were distributed world wide, and the adaptive characters resemble each other among the distinct clades due to convergent evolution. Therefore, phylogenetic studies based on morphological characters were very confused and generated incorrect phylogenetic hypotheses.
To obtain further supporting evidence for the hypothesis, it is necessary to estimate the more accurate divergence time with multiple constraints based on fossil records within sparids. Although many fossil records of sparids have been reported (e.g. Patterson, 1993; Day, 2003) , we have not yet been able to assign the fossils to the phylogenetic positions correctly due to taxonomic confusion. Further molecular phylogenetic and taxonomic studies using many more species will enable an accurate estimation of the divergence time among species and could clarify the complicated evolutionary features of sparids.
